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Phlorizin Prolongs the Lifespan of Caenorhabditis elegans by Insulin
and SIR-2.1 Regulation
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Insulin Signaling Pathway

ABSTRACT: Phlorizin has significant antioxidant properties and R o Solps
was studied using Caenorhabditis elegans to explore potential Tl
antiaging mechanisms. Results showed that phlorizin mitigated the  puiorizin

DAF2

harmful effects of high temperatures and hydrogen peroxide, (oo et \‘@A+v
reduced oxidative stress, increased antioxidant enzyme activity, and l A\ A I @, \gm A
reduced malondialdehyde levels. Network pharmacological analysis %‘R
reveals t}.lat the AKT1, INSR, and SOD2 s‘,ignaling Path.ways p.lay a E o\ /= """:m!!m oy =
key Fole in the antiaging effec.ts of ph!orlzm. Its action is mediated 4 W ey / / =
by insulin and SIR-2.1, influencing DAF-16, SKN-1, and - Y ey M-
downstream genes in the antiaging effects. This implicates ) o Actvate Insulin and STR 2.1

L. . . . . Longevity Aging and antioxidant activity e
phlorizin as a promising functional food additive targeting the
DAF-16 and SOD-3 axes for antiaging.
1. INTRODUCTION the Keapl-Nrf2 pathway.'"'> Moreover, phlorizin’s neuro-
Aging is a multifaceted biological process characterized by a protective properties have been demonstrated in models of
gradual decline in physiological functions and a weakening of Alzheimer’s disease and Parkinson’s disease, where it has been

) 1 . .

the body’s regulatory systems.  Central to this process is the shown to reduce oxidative stress and inflammation and protect

delicate balance between the production of reactive oxygen
species (ROS) and the body’s antioxidant defense mecha-
nisms. When ROS levels escalate abnormally, they can trigger a

. 13-15 :
against neuronal damage. Recent advancements in the

field have also explored the role of microRNAs and long

cascade of detrimental effects, including necrosis, apoptosis, noncoding RNAs in the regulation of aging, adding another

and the acceleration of the aging process in a variety of human layer of complexity to our understanding of the molecular
. 2 ) g .

disorders.” The body’s response to oxidative stress is a mechanisms involved.'®” Furthermore, the burgeoning field

testament to the complexity of cellular homeostasis,” where
antioxidant enzymes such as superoxide dismutase (SOD) and
catalase (CAT) play a vital role in neutralizing ROS and
mitigating oxidative damage to living cells.”

of epigenetics has shed light on how modifications such as

DNA methylation and histone acetylation can influence aging

- 18,19
and the response to oxidative stress.

The molecular mechanisms underpinning the aging process This study aims to build upon the existing body of
are intricate and involve several signaling pathways, among knowledge by investigating the effects of phlorizin on the
which the insulin and insulin-like growth factor (IGF1) lifespan of C. elegans, a widely used model organism in aging

pathway are two of the most well studied.”® The activation
of this pathway through the binding of insulin-like peptides to
the receptor daf-2 initiates a phosphorylation cascade that

research. We explore the role of phlorizin in enhancing

antioxidant enzyme activity, reducing free radical damage, and

modulates the activity of the DAF-16 and FOXO transcription improving stress resistance. We will also use several mutant
factors, a key regulator of longevity.7 Recent studies have also strains of C. elegans and the latest bioinformatics tools to break
highlighted the crosstalk between the IGF1 pathway and other down the complicated pathways that phlorizin controls, giving

stress response pathways, such as the heat shock factor (HSF)
and the AMP-activated protein kinase (AMPK) pathways,
which further modulate the aging process.””

Plants like grapes and grape seeds contain phlorizin, a
chalcone compound that has emerged as a promising candidate
in the quest to understand and potentially combat aging."® Its
biological activities have been extensively studied, revealing its
ability to extend the lifespan of yeast and Drosophila
melanogaster through modulation of antioxidant enzymes and

us a full picture of how it fights aging.
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2. MATERIALS AND METHODS

2.1. Materials. Phlorizin (>96% purity) was sourced from
Jianfeng Natural Product Co., Tianjin, China. Reagents
including hydrogen peroxide, 2’,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA), dimethyl sulfoxide (DMSO), and
fluorodeoxyuridine (FUDR) were procured from Sigma-
Aldrich, St. Louis, Michigan, USA. Assay kits for the
determination of SOD and CAT activities, as well as
malondialdehyde (MDA), were obtained from the Nanjing
Jiancheng Bioengineering Institute. TRIzol reagent and SYBR
Green kits were supplied by Thermo Fisher Scientific,
Carlsbad, California, USA.

2.2. C. elegans Strains and Maintenance. The C. elegans
strains were obtained from the Caenorhabditis Genetics
Center (CGC). Strains were cultured on nematode growth
medium (NGM) with a bacterial food source of inactivated
Escherichia coli OPS0, heat-killed at 65 °C for 30 min. The
cultivation was conducted at a constant temperature of 20 °C.
The strains utilized in this study included wild-type N2 and
various mutant strains: TJ375 [hsp-16.2p::GFP], LD1 [skn-
1b/c::GFP + rol-6(sul006)], CF1553 [sod-3p::GFP],
DA1116 [eat-2(ad1116)], CF1038 [daf-16(mu86)], CB1370
[daf-2(e1370)], VC199 [sir-2.1(0k434)], EUL [skn-1(zu67)],
and TJ356 [daf-16p::DAF-16a/b::GFP; rol-6]. Phlorizin was
prepared as a stock solution in DMSO at a final concentration
not exceeding 0.1%, a concentration that has been shown to be
nontoxic to C. elegans.”’

2.3. Network Pharmacology Analysis. Initial target
identification was performed using the Pharm Mapper and
TCMSP databases followed by gene name normalization
through the UniProt database. Genes implicated in aging were
identified using Gene Cards. Intersection of phlorizin targets
and aging-associated genes was determined with the Venny
tool. The resulting gene list was analyzed for protein—protein
interactions using the STRING database, filtered for human
homologues. Subsequently, the PPI network was visualized and
analyzed by using Cytoscape software. Functional enrichment
analysis of the identified genes was conducted through the
DAVID Bioinformatics Resources, focusing on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways and
Gene Ontology (GO) terms. Finally, an integrated network
illustrating the connections among drugs, targets, pathways,
and diseases was constructed by using Cytoscape.

2.4. Lifespan Assay. Lifespan experiments were conducted
on synchronized L4-stage C. elegans (both mutants and wild
type) at 20 °C. Approximately 120 L4 larvae were placed on
NGM agar plates, either treated with varying concentrations of
phlorizin (0 to 200 pg/mL) or left untreated. The plates were
supplemented with heat-inactivated E. coli OP50 and 150
mmol/L of S-fluoro-2’-deoxyuridine (FUdR) to prevent
progeny production. To avoid the loss of worms due to
desiccation or escape, E. coli OP50 was uniformly spread on
the NGM surface, avoiding the edges.

Survival of the worms was monitored every 48 h until all had
died. Lifespan data were analyzed using Prism 5 software,
excluding individuals with non-normal deaths such as those
caused by dissection, loss from the culture plate, or
desiccation.”" Each experiment was replicated a minimum of
three times to ensure the reliability of the results.

2.5. Pharynx Pumping and Body Movement Analysis.
The pharynx pumping assay and body movement analysis were
performed as previously described.”” C. elegans were cultured

on NGM plates, either supplemented with phlorizin or left
untreated as a control. Pharyngeal pumping activity was
measured under a stereomicroscope for 30 s on days 2, 4, 6, 8,
and 10 postinoculation. For each condition, 60 nematodes
were selected from three independent replicates.

Body movement was assessed by gently stimulating the
nematodes with a needle every 48 h. Nematodes exhibiting
continuous and consistent sinusoidal movement within 30 s
were categorized as having fast motion; those with less
frequent or irregular movement were categorized as having
slow motion.

2.6. Oxidative Stress Assay. We conducted oxidative
stress assays with minor modifications to established
methods.”> For the thermal stress assay, 120 C. elegans were
exposed to a heat shock at 30 °C for 1 h and then shifted to a
more severe stress at 36 °C. Survival rates were monitored
hourly until all worms had died. In the acute oxidative stress
assay, 120 worms were treated with hydrogen peroxide (30
mM final concentration in 1 mL of NGM culture medium).
Mortality was recorded at daily intervals or every 30 min,
depending on the rate of death observed, until the last worm
died. Each assay was performed in triplicate to ensure the
reproducibility of the results.

2.7. Measurement of Endogenous ROS and Blue
Autofluorescence. We assessed endogenous ROS and blue
autofluorescence in C. elegans using established methods with
minor adjustments.”* Worms were cultured on NGM plates,
with or without phlorizin, at 20 °C for their average lifespan.
For ROS detection, worms were washed in phosphate-buffered
saline (PBS) and incubated with 2’,7’-dichlorodihydrofluor-
escein diacetate (DCFH-DA) in the dark for 20 min. ROS
fluorescence was measured using a fluorescence microscope
(excitation at 485 nm, emission at 530 nm, 10X magnifica-
tion).

Blue autofluorescence levels were determined by immobiliz-
ing worms with sodium azide (NaN;) on 1% agarose-coated
glass slides. Fluorescence was observed under the same
microscope (excitation at 340—380 nm, emission at 430 nm,
10X magnification). For each condition, SO worms were
randomly selected for quantification.

2.8. Nuclear Translocation of DAF-16 and SKN-1, and
Expression Analysis of SOD-3::GFP and HSP-16.2::GFP.
Transgenic C. elegans strains T]J356, LD1, CF1553, and TJ375
were cultivated on NGM with or without phlorizin for 72 h at
20 °C. After cultivation, worms were washed to remove E. coli
OPS50. The worms were then transferred onto slides coated
with 1% agar and imaged using an inverted phase fluorescence
microscope (Olympus cxk41) to visualize the nuclear local-
ization of DAF-16::GFP and SKN-1::GFP fusion proteins, as
well as the expression levels of HSP-16.2::GFP and SOD-
3::GFP. Fluorescence was detected with excitation at 460—495
nm and emission at 510—550 nm, using a 10-objective lens.
For the quantitative analysis, S0 worms were randomly selected
from each group. This selection process was repeated for
statistical analysis, and each experiment was independently
performed at least three times to ensure the accuracy and
reproducibility of the results.

2.9. Real-Time Quantitative PCR (qRT-PCR) Assay.
Synchronized L4-stage C. elegans were cultured on NGM
plates with or without phlorizin for 1 week. Subsequently, the
worms were washed with PBS, and total RNA was extracted
from approximately 2000 worms using the TRIzol reagent.
Complementary DNA (cDNA) was synthesized from the
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Table 1. PCR Primers Were Utilized to Estimate Gene mRNA Level in C. elegans

gene forward primer 5'—3’ reverse primer 5'—3’
age-1 CCTGAACCGACTGCCAATC GTGCTTGACGAGATATGTGTATT
sod-3 GGCTAAGGATGGTGGAGAAC ACAGGTGGCGATCTTCAAG
daf-2 GCGGATACACAGCAAGAATAAC GAGCCACAAGCACCAGAAC
sir-2.1 ACTGAGATGCTCCATGACAATAAG GCAAGACGAACCACACGAAC
daf-16 TCAAGCCAATGCCACTACC TGGAAGAGCCGATGAAGAAG
ctl-1 CTCCTCGGATTCTCTATCGGTATG AAGGCGGCATCGGCAATG
act-1 CCAGGAATTGCTGATCGTATGCAGAA TGGAGAGGGAAGCGAGGATAGA
skn-1 CACTGTCTCCTCTCATCATTGG GAGTGTCTCTGTGAGTGATATGG
hsp-16.2 CTCAACGTTCCGTTTTGGT CGTTGAGATTGATGGCAAAC
akt-1 TTCGAGCAAAGCCTAAGGA ATAACATTGTCGCTGCATCG
eat-2 AACTTCGCCTGATCCTCCAA ACCATATGCACAGGGAAGCT
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Figure 1. Effect of C. elegans exposed to different doses of phlorizin on the lifespan (a). Median lifespan (b). Age-related movement (c). Pharynx

pumping (d). *p < 0.05 and **p < 0.01.

isolated RNA using a Quantscript RT Kit. qRT-PCR was
performed using the Applied Biosystems Plus Real-Time PCR
System with an SYBR Green PCR Master Mix (Applied
Biosystems, Carlsbad, California, USA). PCR amplification was
conducted under conditions previously reported.”> Primer
sequences are detailed in Table 1. The housekeeping gene act-
1 was used as an endogenous control, and relative gene
expression levels were determined using the comparative
27AAC method.

2.10. Enzymatic Activity Assay for SOD and CAT, and
MDA Content Measurement. C. elegans cultivation followed
the same conditions as for the lifespan assay. Approximately
2000 worms were washed with PBS and treated with 200 uL of
sterile saline on ice. After centrifugation, the supernatant was
collected. The homogenate of C. elegans was prepared
following the manufacturer’s protocol, and the activities of
SOD and CAT, as well as MDA content, were measured using
respective assay kits according to the provided instructions.
Each assay was performed in triplicate to ensure accuracy and
reproducibility of the results.

2.11. Molecular Coupling Analysis. Molecular docking
was employed to investigate the interactions between phlorizin

11924

and key proteins. The structure of phlorizin was retrieved from
the PubChem Database (https://pubchem.ncbinlm.nih.gov),
while the three-dimensional structure of SOD-3 (PDB ID:
3DCS) was obtained from the RCSB Protein Data Bank.
Additionally, the amino acid sequence for DAF-16 (Uni-
ProKB-016850) was sourced from the UNIPROT Database
(http://uniprot.org). Prior to docking, both the receptor and
the ligand were prepared using standard protocols. The
molecular docking process was conducted using CDOCKER
within the Discover Studio 3.5 software suite (Accelrys,
California, USA).

2.12. Data Analysis. Statistical analyses were performed
using Prism S software, and the results were expressed as the
mean =+ standard deviation (SD). Significant differences
between groups were analyzed by a log-rank test in Kaplan—
Meier survival analysis using SPSS 17.0 (Statistical Software for
the Social Sciences, SPSS Inc.). Differences between means
were assessed using one-way ANOVA. A p-value less than 0.05
indicated a significant difference, while p-values less than 0.01
indicated a highly significant difference. In addition,
fluorescence intensity was measured using Image] software,

https://doi.org/10.1021/acsomega.4c08725
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and body movement data was assessed using the ratio of the
number of rapid movements.

3. RESULTS

3.1. Phlorizin Extended Survival and Enhanced Body
Movement in C. elegans. We observed that the lifespan of C.
elegans was extended with increasing doses of phlorizin. When
phlorizin was added at 40, 80, and 120 pug/mlL, the animals
lived an average of 15.56 + 2.08 days (7.76% longer, not
significantly higher), 16.15 + 1.30 days (11.84% longer, p <
0.05), and 17.30 = 2.01 days (19.81% longer, p < 0.01),
compared to the control group, which lived an average of 14.44
+ 1.60 days (Figure la and Table 2). Based on the median
lifetime curve, we chose 40, 80, and 120 yig/mL concentrations
for the late experiments (Figure 1b).

Table 2. Group of GO Projects Associated with Phlorizin

subgroup GO term count
biological negative regulation of the apoptotic process 7
process (BP) signal transduction 6
positive regulation of protein phosphorylation 5
positive regulation of transcription, DNA- S

templated
positive regulation of ERK1 and ERK2 cascade

PN

positive regulation of cell migration

(98]

negative regulation of intrinsic apoptotic signaling
pathway

(98]

positive regulation of cyclin-dependent protein
serine/threonine kinase activity

cellular response to ROS
cellular response to cadmium ion

cellular cytoplasm
component

(cc

nucleoplasm

plasma membrane
macromolecular complex
perinuclear region of cytoplasm
extracellular space

membrane raft

platelet alpha granule lumen

NNV WA A NN O W W

extrinsic component of cytoplasmic side of plasma
membrane

ruffle membrane

molecular

identical protein binding
function (MF)

nitric oxide synthase regulator activity

enzyme binding

ATPase binding

integrin binding

ubiquitin protein ligase binding

protein kinase activity

protein serine/threonine/tyrosine kinase activity

insulin receptor binding

DY W W W W WA oD

estrogen receptor binding

Aging in C. elegans is typically associated with a decline in
body motility.”® Our study found that phlorizin intervention
significantly improved motility, with treatments at 80 and 120
pug/mL resulting in increases of 23.40% (p < 0.05) and 32.88%
(p < 0.05), respectively, suggesting an enhancement in self-
regulatory capacity (Figure 1c). The pharyngeal pumping rate
was also measured to ensure that changes in body movement
were not confounded by variations in food intake (Figure 1d).

3.2. Phlorizin Enhanced Stress Resistance in C.
elegans. We assessed the impact of phlorizin on the stress

resistance of C. elegans by measuring survival rates under
hydrogen peroxide and heat stress conditions. Following
exposure to hydrogen peroxide, C. elegans exhibited a rapid
decline in viability, with the majority dying within 4 h.
Treatment with phlorizin at concentrations of 40, 80, and 120
ug/mL resulted in average lifespan increases of 27.74% (n.s.),
40.65% (p < 0.05), and 57.43% (p < 0.01), respectively.
Notably, the most significant enhancement in survival rate was
observed between 2 and 3 h post-treatment (Figure 2a). These
findings suggest that phlorizin may act as a protective agent
against oxidative stress induced by hydrogen peroxide.

In the heat stress experiment, phlorizin intervention for 1 h
did not significantly improve the immediate survival of C.
elegans. However, when treated with phlorizin concentrations
of 80—120 ug/mL for durations of 4—8 h, the lifespan was
extended. Specifically, at a dose of 120 pug/mL, the lifespan
increase reached 37.44% (p < 0.01) (Figure 2b). These results
indicate that phlorizin could potentially protect against heat-
induced oxidative damage.

3.3. Phlorizin Enhanced Antioxidant Defenses in C.
elegans. This study evaluated the impact of phlorizin on
biomarkers of aging in C. elegans at the 10-day stage, a period
characterized by significant increases in aging indices. We
focused on the effects of phlorizin (40, 80, and 120 ug/mL) on
ROS and blue autofluorescence levels. The treatment
significantly reduced ROS levels by 18.31% (p < 0.05),
24.46% (p < 0.01), and 36.63% (p < 0.01) (Figure 2c). Blue
autofluorescence decreased by 21.74% (p < 0.05), 30.43% (p <
0.05), and 50.00% (p < 0.01) (Figure 2d and Table S3).

Analysis of antioxidant enzymes SOD and CAT, along with
MDA levels, confirmed phlorizin’s (40, 80, and 120 pg/mL)
antioxidant potency. The results showed that SOD activity
increased by 3.99% (p < 0.01), 7.63%, and 18.94%; CAT
activity increased by 4.20% (p > 0.05), 6.72% (p < 0.01), and
31.09%, respectively (Figure 2e); and the MDA content
decreased by 1.58% (p > 0.05), 15.53% (p < 0.05), 17.71% (p
< 0.05), and 17.71% (p < 0.01) (Figure 2f). Phlorizin
significantly bolstered C. elegans’ antioxidant defenses, reducing
ROS and MDA while elevating SOD and CAT activities,
suggesting its potential to combat oxidative stress and extend
healthspan.

3.4. Network Pharmacology Analysis of Phlorizin-
Associated Targets and Pathways. The protein—protein
interaction (PPI) network diagram in Figure 3a illustrates the
complex interactions among 115 targets linked to both
phlorizin and aging. Notably, AKT1, INSR, and SOD2 were
identified as pivotal targets for phlorizin, as detailed in the
Supporting Information. Figure 3b and Table 2 present the
Gene Ontology (GO) annotations, which were utilized to
elucidate the functional roles of these targets. The analysis
categorized the biological processes (BP), cellular components
(CC), and molecular functions (MF) of the target proteins,
revealing significant enrichment in negative regulation of
apoptotic processes and signal transduction for BP, a
concentration in the cytoplasm, nucleoplasm, and plasma
membrane for CC, and prominent roles in identical protein
interaction, regulator activity of nitric oxide synthase, and
enzyme binding for MF.

The Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment results are shown in Figure 3¢ and Table
3. These showed the top 15 pathways that were linked to
phlorizin. The FoxO signaling pathway was highlighted as one
of the top three pathways, indicating its potential importance.

https://doi.org/10.1021/acsomega.4c08725
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Figure 2. Effect of phlorizin on the antioxidant ability of C. elegans. (a) Hydrogen peroxide. (b) High temperature (36 °C). Representative images
and fluorescence quantification of ROS (c) and blue autofluorescence (d) in wild type with or without phlorizin supplementation. Effect of
phlorizin on SOD and CAT activities (e) and MDA content (f) in wild-type N,. *p < 0.05 and **p < 0.01.

Figure 3d depicts the relationship between the common targets
and the top 15 KEGG pathways, providing a visual network
diagram that integrates "phlorizin-target-pathway-aging” corre-

aging.

11926

lations. This analysis suggests that phlorizin may modulate
multiple targets and pathways, thereby exerting its effects on
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Figure 3. Network pharmacological analysis of phlorizin. (a) PPI construction plot. (b) Three classifications of GO items were acquired from
DAVID databases, including BP, MF, and CC. (c) The top 15 KEGG pathways were ranked based on the quantity of genes linked to phlorizin. (d)
Connections between the common targets of phlorizin and the leading 15 KEGG pathways.

3.5. Phlorizin Modulates Longevity via SIR-2.1 and IIS
Pathways. It can be seen in Figure 4a that 120 ug/mL
phlorizin decreased the expression of daf-2, age-1, and akt-1
while increasing the expression of daf-16, skn-1, and sir-2.1, and
antioxidant genes hsp-16.2, sod-3, and ctl-1. It had no effect on
eat-2 (Table S1). This suggests that phlorizin’s action may not
involve dietary restriction pathways. Lifespan studies in
mutants treated with 120 pg/mL phlorizin revealed no
significant changes in daf-2 (Figure 4b), daf-16 (Figure 4c),
skn-1 (Figure 4d), and sir-2.1 mutants (Figure 4e), indicating
their importance in lifespan regulation (Table 4). In contrast,
eat-2 mutants showed a 13.56% increase in longevity,
suggesting eat-2’s minor role in phlorizin’s effect on lifespan
(Figure 4f).

The impact of phlorizin on ROS and blue autofluorescence
regulation was examined in mutants, with no significant
difference observed compared to controls (Figure 4gh).
Antioxidant enzyme activities SOD and CAT increased
marginally after phlorizin treatment in mutants, without
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reaching significance, and MDA content trends were non-
significant (Figure 4i). These findings highlight the complex-
ity of phlorizin’s metabolic pathways and confirm the
indispensable roles of these genes in phlorizin’s regulation of
antioxidant effects and lifespan in C. elegans.

3.6. Phlorizin Promoted the Nuclear Translocation of
the DAF-16 and SKN-1 Proteins. Phlorizin enhanced the
nuclear translocation of DAF-16 and SKN-1 proteins in
transgenic C. elegans strains LG333 SKN-1::GFP and TJ356
DAF-16::GFP. Figure Sa illustrates SKN-1::GFP distribution,
with the nucleus fraction increasing from 1043 + 2.16% in
controls to 18.54 + 3.60% with 120 ug/mL phlorizin (p <
0.05). Similarly, DAF-16::GFP translocation to the nucleus
was significantly elevated by phlorizin treatment, with the
nuclear fraction rising from 3.82 + 1.67% in controls to 15.43
+ 2.32% at the highest phlorizin concentration (p < 0.01,
Figure Sb). These findings indicate that phlorizin may extend
C. elegans longevity by promoting SKN-1 and DAF-16 nuclear
translocation.
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Table 3. Enrichment of the KEGG

term count target

SRC, CASP3, AKT1, IGF1, HRAS,
ESR1, MMP9, EGFR

proteoglycans in cancer 8

endocrine resistance 7 SRC, AKT1, IGF1, HRAS, ESR],
MMP9, EGFR

estrogen signaling pathway 7 HSP90AAL, SRC, AKT1, HRAS, ESRI,
MMP9, EGFR

prostate cancer 6 HSP90AA1, AKT1, IGF1, HRAS,
MMP9

pathways in cancer 7 CASP3, AKT1, IGF1, HRAS, ESR1,
MMP9

FoxO signaling pathway 7 AKT1, IGF1, HRAS, EGFR, SOD2,
PIK3R1, INSR

chemical carcinogenesis- 6 HSP90AAL, SRC, AKT1, HRAS, ESR1,

receptor activation EGFR

lipid and atherosclerosis 6 HSP90AA1, SRC, CASP3, AKTI,
HRAS, MMP9

PI3K-Akt signaling 6  HSP90AAL, AKT1, IGF1, HRAS,

pathway EGFR, PIK3R1

bladder cancer 9 SRC, HRAS, MMP9, EGFR,AKT]1,
IGF1, HRAS, ESR1, EGFR

hepatitis B S SRC, CASP3, AKT1, HRAS, MMP9

focal adhesion S SRC, AKT1, IGF1, HRAS, EGFR

Rapl signaling pathway S SRC, AKT1, IGF1, HRAS,EGFR

prolactin signaling pathway 4 SRC, AKT1, HRAS, ESR1

3.7. Phlorizin Enhanced the Expression of daf-16
Downstream Genes. We examined the influence of phlorizin
on the expression of daf-16 and its downstream genes in C.
elegans. Figure 6a shows that phlorizin treatment did not
significantly alter daf-16 mRNA levels in mutants CB1370 daf-
2 (e1370) (1.12 + 0.18-fold, p < 0.05) and VC199 sir-2.1
(0k434) (1.18 + 0.26-fold, p < 0.05). Similarly, skn-1 mRNA
expression in these mutants was not significantly increased in
CB1370 daf-2 (e1370) (1.46 + 0.08-fold, p < 0.05), but a
significant enhancement was observed in VC199 sir-2.1
(0k434) (1.50 + 0.14-fold, p < 0.05) upon treatment with
120 pg/mL phlorizin (Figure 6b). The expression of daf-16
downstream genes sod-3, ctl-1, and hsp-16.2 was also assessed
in mutant CF1038 daf-16 (mu86). However, no significant
increase was detected in the expression of sod-3 (1.08 + 0.11-
fold, p > 0.05), ctl-1 (1.28 + 0.21-fold, p > 0.05), or hsp-16.2
(1.13 % 0.16-fold, p > 0.05) (Figure 6¢).

To further investigate the effects of phlorizin on the
expression of antioxidant proteins, we used transgenic
nematodes CF1553 [(pAD76) sod-3p::GFP] and TJ37S
(gpIsl [hsp-16.2p::GFP]). Phlorizin significantly enhanced
SOD-3::GFP fluorescence at concentrations of 40 ug/mL
(23.59%, p < 0.05), 80 ug/mL (46.14%, p < 0.01), and 120
pug/mL (102.61%, p < 0.01) (Figure 6d). HSP-16.2::GFP
fluorescence was also upregulated by phlorizin at 80 ug/mL
(41.59%; p < 0.01) and 120 ug/mL (107.03%; p < 0.01), with
a nonsignificant increase at 40 pug/mL (6.29%; p > 0.05)
(Figure 6e). The results indicate that phlorizin modulates the
expression of antioxidant genes in a concentration-dependent
manner. While mRNA levels of daf-16 and skn-1 did not show
consistent changes across mutants, the significant upregulation
of SOD-3::GFP and HSP-16.2::GFP fluorescence in response
to phlorizin suggests that these proteins may contribute to the
antioxidant effects of phlorizin. This modulation of antioxidant
defenses could be a key mechanism by which phlorizin
promotes longevity in C. elegans.

3.8. Molecular Coupling Analysis of Phlorizin Inter-
action with Aging-Related Proteins. Molecular coupling

analysis was conducted to elucidate the interaction between
phlorizin and the proteins implicated in aging. In order to
elucidate the molecular basis of the action of phlorizin, the
binding modes of phlorizin with DAF-16 and SOD-3 were
analyzed. The analyses showed that phlorizin had a strong
binding affinity for (—184.619 kJ/mol) (Figure 6f) and SOD-3
(—17.6047 kJ/mol) (Figure 6g), with a particularly significant
interaction with DAF-16, in which the two-dimensional profile
of the interaction showed the formation of hydrogen bonds
with the participation of specific amino acid residues ASP258,
ASN42, SER45, TYRI27, and LYS122 (Table 5). The
presence of these multiple hydrogen bonds suggests a strong
binding capacity between phlorizin and these target proteins,
thus potentially enhancing the strength of their interactions
with the proteins. Through molecular docking techniques, key
binding sites and types of interactions between phlorizin and
these proteins were identified to better understand the binding
mechanisms.

4. DISCUSSION

Aging is inevitable, but slowing it is possible. Dihydrochalcone
has higher oxidation resistance than its corresponding brass
due to its unique structure. Phlorizin belongs to the chalcone
class of organic compounds, was originally isolated from the
bark of apple trees, and has been used in human medicines to
benefit from its biological activities. Our research looks at how
phlorizin affects the longevity of C. elegans in great detail,
showing that it might be useful as a medicine to fight the
effects of getting older. The results show that phlorizin greatly
lessens the harmful effects of H,O, and high temperatures on
the longevity of C. elegans. This is an especially important
finding given the growing interest in figuring out the molecular
causes of aging.

Aging encompasses a complex interplay of biological
processes, fundamentally characterized by a reduction in
functional capacity and an increased vulnerability to stress.””
Our research into how phlorizin affects the aging process in C.
elegans has given us interesting ideas about how it might be
used to make people live longer. Phlorizin’s ability to extend
the lifespan of C. elegans in the absence of feeding level
interference, as depicted in Figure 1, is a testament to its direct
impact on aging mechanisms. The detrimental effects of
oxidative stress, arising from the accumulation of ROS and
blue autofluorescence, are well-established contributors to
cellular senescence and the aging phenotype.”®*” Blue
autofluorescence, as a tryptophan-derived glucose ester of o-
aminobenzoic acid, can be observed in nematode intestinal
lysosome-associated organelles (intestinal granules) and
correlates with organismal death.”® In senescent C. elegans,
an increase in blue fluorescence can be observed in intestinal
cells due to cell necrosis.’® Blue autofluorescence is a self “age
pigment” produced by oxidative denaturation and autophagy
of cellular components, and its accumulation in nematodes is
only relevant to nematode lifespan, which is a recognized
marker of nematode senescence.””** The fluorescent substance
has been found to be strongly associated with organismal
senescence and reactive oxygen stress.”® In this study, blue
autofluorescence was used as a measure of senescence
retardation of nematodes by phlorizin. Our study reveals that
phlorizin significantly attenuates these effects, as evidenced by
the diminished accumulation of ROS (Figure 2c and Table S2)
and blue autofluorescence (Figure 2d and Table S3) in treated
worms. This reduction is particularly significant, given the
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Figure 4. (a) Effects of phlorizin on the mRNA of longevity-related genes in C. elegans. Effect of phlorizin on the longevity of the mutant CB1370
daf-2 (e1370) (b), CF1038 daf-16 (mu86) (c), EUL skn-1 (zu67) (d), VC199 sir-2.1 (0k434) (e), and DA1116 eat-2 (ad1116) (f). The
fluorescence quantification of ROS (g) and blue autofluorescence (h) in the mutant C. elegans with or without phlorizin supplementation. Effect of
phlorizin on SOD and CAT activities (i) and MDA content (j) in the mutant C. elegans. *p < 0.05 and **p < 0.01.

Table 4. Lifespan of Different Genotypes of C. elegans Treated with Phlorizin

lifespan (days)

genotype treatments (at 20 °C) number mean + SD median extension % (mean) log-rank test (P values)

N2 control 110 14.44 + 1.60 15

40 pg/mL 109 15.56 + 2.08 16 7.76 0.1707

80 pg/mL 114 16.15 + 1.30 16 11.84 0.0309

120 pg/mL 115 17.30 + 2.01 18 19.81 0.0024"
daf-2 (e1370) control 104 21.68 + 0.71 22

120 pg/mL 117 22.88 + 2.60 21 5.54 0.5423
daf-16 (mu86) control 111 9.76 + 2.33 10

120 pg/mL 106 9.64 + 0.34 10 —-1.23 0.8147
sir-2.1 (0k434) control 104 11.40 + 2.01 11

120 pg/mL 111 12.73 + 1.72 13 11.67 0.0615
skn-1 (zu67) control 115 1229 + 124 13

120 pg/mL 118 13.0S + 1.62 13 1891 0.1634
cat-2 (ad1116) control 109 16.67 + 123 17

120 pg/mL 109 18.93 + 0.52 21 13.56 0.0133“
mek-1 (ksS4) control 107 10.40 + 0.17 11

120 pg/mL 116 11.97 + 2.54 13 15.10 0.0196“

“p < 0.05. “p < 0.01 in comparison to the control; each trial was repeated at least three times.
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correlation between oxidative stress and the onset of various
age-related diseases, culminating in a decline in organismal
health and lifespan. Phlorizin’s multifaceted impact on
physiological parameters is further underscored by its
enhancement of antioxidant enzyme systems. Specifically, the
observed increase in SOD and CAT activities, alongside a
concomitant decrease in MDA content, suggests a bolstering of
the endogenous antioxidant defenses (Figure 2e,f). These
enzymes are pivotal in neutralizing ROS, thereby preventing
the cascade of reactions leading to lipid peroxidation and
cellular damage.”* The modulation of these parameters by
phlorizin is indicative of its potential to counteract the
oxidative stress inherent to aging.”> Moreover, the capacity
of phlorizin to bolster resistance to hydrogen peroxide and
high-temperature stress in C. elegans (Figure 2) is noteworthy.
These environmental stressors are known to induce oxidative
damage by generating hydroxyl radicals and disrupting
metabolic homeostasis, respectively.*® Phlorizin’s ameliorative
effects on these stress-induced injuries highlight its role in
reinforcing the stress response mechanisms of the organism.
This study collectively underscores the therapeutic potential of
phlorizin in modulating the aging. Its ability to enhance
antioxidant defenses, improve stress resistance, and attenuate
the accumulation of oxidative by products positions phlorizin
as a promising candidate for further research into interventions
that may delay or ameliorate the aging process.

The integration of systems biology and network analysis
within the realm of network pharmacology offers a
sophisticated approach to dissecting the intricate dynamics
between pharmacological agents and biological systems, with a
particular emphasis on the analysis of drugs that target multiple
biological pathways and the intricate regulation of signaling
pathways.”” Our investigation harnessed the predictive power
of network pharmacology to elucidate the potential of
phlorizin in modulating lifespan extension, primarily through
the inhibition of the IIS pathway and the induction of a
controlled oxidative stress response. Notably, the FoxO
signaling pathway emerged as a pivotal player in the antiaging

effects attributed to phlorizin, as depicted in Figure 3. The
transcription factor DAF-16 in C. elegans, a functional
counterpart to the mammalian FoxO family, plays a crucial
role in mediating the longevity and stress resistance governed
by the IIS pathway.”® Our findings underscore the significance
of phlorizin in augmenting the survival of C. elegans by
modulating the expression of daf-16 within the IIS pathway.
Prior studies have established that mutations resulting in
reduced daf-2 activity can significantly amplify the lifespan of
these organisms,24 with the extent of this lifespan extension
being intricately linked to the nuclear translocation of DAF-
167 In our study, we observed that phlorizin significantly
upregulated the expression of the daf-16 gene in the wild-type
N2 strain, as illustrated in Figure 4a and detailed in Table S1.
In contrast, the compound did not exert any discernible effect
on the daf2 (el370) mutant strain. These observations
collectively suggest that the life-extending effects of phlorizin
are mediated through the intricate interplay of the DAF-2/
DAF-16 signaling axis, as schematically represented in Figure
6a. This study not only corroborates the role of the IIS
pathway in modulating the lifespan but also expands our
understanding of the molecular underpinnings of aging by
identifying phlorizin as a novel modulator of this pathway. The
implications of these findings extend beyond basic biological
research, offering potential avenues for therapeutic interven-
tion in age-related diseases and the promotion of healthy aging.

SIR-2.1 is an important member of the sirtuin family, which
plays a key role in senescence regulation by directly acting on
the daf-16 gene through NAD-dependent deacetylation of the
protein.”” This mechanism is critical for lifespan regulation,
particularly through the control of stress resistance conferred
by the DAF-16 transcription factor.* In addition, previous
studies have found that phlorizin can extend yeast lifespan by
increasing the activity of endo$enous antioxidant enzymes,
including SOD, CAT, and Sir2, 2 but the specific regulatory
mechanism was not indicated. Our study deepens our
understanding of this issue by showing that phlorizin, a
compound extracted from apples, can, at least to some extent,
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Figure 6. (a) Effect of phlorizin on the expression of daf-16 in mutant CB1370 daf-2 (e1370) and mutant VC199 sir-2.1 (0k434). (b) Effect of
phlorizin on the expression of skn-1 in mutant CB1370 daf-2 (e1370) and mutant VC199 sir-2.1 (0k434). (c) Effect of phlorizin on sod-3, ctl-1, and
hsp-16.2 expression in mutant CF1038 daf-16 (mu86). (d) Effect of phlorizin on fluorescence quantification of SOD-3. (e) Effect of phlorizin on
fluorescence quantification of HSP-16.2. Global detailed mapping of DAF-16 (f) and SOD-3 (g) proteins binding to phlorizin and their active site

actions.

modulate the SIR-2.1 pathway to improve survival and
antioxidant levels by defective nematodes and the antioxidant
levels probed by phlorizin (Figure 4). In addition, the results of
an assay to determine DAF-16 expression in defective
nematodes showed that the effect of phlorizin on daf-16
expression was dependent on SIR-2.1 activity (Figure 6a),
which reinforces the intricate relationship between sirtuins and
the IIS pathway in the regulation of senescence.*”

The transcription factor SKN-1, similar to the mammalian
Nrf2, is central to the cellular defense against oxidative stress.”
Upon activation, it enters the nucleus to regulate genes
involved in the antioxidant response.** Our research indicates
that phlorizin activates Nrf2, thereby exerting antioxidant
effects by inhibiting the Keapl-Nrf2 complex in Drosophila
melanogaster.'” Phlorizin has also been shown to reduce
oxidative stress and improve cognitive and memory functions
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Table 5. Molecular Docking of Phlorizin with the Receptor Proteins of C. elegans

intermolecular energy

(keal mol™")
binding
ligand receptor hydrogen bonds electrostatic VDW energy
name name interactive residues involved residues energy energy (kcal mol™)
phlorizin ~ DAF-16 PBO167, ILE168, GLY171, MET257, ASN175, SEP256, ASP126, ASP258, ASN42, 30.5359 —3.35054 —184.619
TYR130, ASN42, VAL46, ASP258, LYS122, SER4S, TYR127, LYS49,  LYS122, SER4S,
ILE219, PHE119, MET123 TYR127
SOD-3 GLUC42, GLU42, LEU4S, VAL49(A), HIS46, GLU42,LEU64, LEUA4S, 19.9718 1.51916 —17.6047

HIS46, ALAS7,VAL49(C)

in aging mice through the Nrf2 pathway.'' However, its impact
on SKN-1 expression varies among species, as seen in the
absence of effect in high-fat hamsters.*” This variability in
phlorizin’s regulatory role emphasizes the need for a more
nuanced understanding of its antioxidant mechanisms. Our
findings reveal that phlorizin facilitates the nuclear trans-
location of SKN-1 (Figure Sa), potentially contributing to
oxidative stress regulation and lifespan extension. This is in line
with studies showing that the IIS pathway influences SKN-1
activity, affecting stress resistance and longevity.** In mutants,
phlorizin’s regulation of skn-1 expression via the DAF-2
pathway, independent of SIR-2.1, suggests a dual mechanism
for its antioxidant and antiaging effects (Figure 6b). This is
consistent with Yoon et al’s work on resveratrol’s lifespan
effects in C. elegcms,Ar7 highlighting the conserved role of the IIS
pathway in modulating longevity. In summary, our study sheds
new light on phlorizin’s complex interactions with molecular
pathways like SIR-2.1/DAF-16 and SKN-1/Nrf2, suggesting its
therapeutic potential in age-related diseases. Further research is
essential to fully understanding its diverse mechanisms of
action.

Dietary restriction (DR) is a well-established lifespan
regulatory pathway, alongside the IIS pathway.”® DR’s impact
on longevity is underscored by its ability to decrease Rpd3
activity, thereby enhancing dSir2 activity.”” The transcription
factor SKN-1, which plays a role in the DR response, is
activated through the neuropeptide NRP-7.>" Periodic DR has
been shown to extend the lifespan of D. melanogaster by
reducing insulin signal transcription.51 The eat-2 (adll16)
mutant, which exhibits decreased dietary intake, is considered a
model for the effects of DR on longevity.”” In our study, we
found that phlorizin does not significantly regulate lifespan
extension mainly through the DR pathway in C. elegans, which
corroborates Yang’s findings on otophylloside B’s modulation
of the IIS pathway independent of DR.>® Taken together, the
results reveal a key role for phlorizin in regulating DAF-16
mainly through IIS and SIR-2.1. Our research delves into the
molecular mechanisms by which phlorizin influences the
lifespan, particularly through its interaction with the DAF-16
pathway. We observed that phlorizin significantly promotes the
nuclear localization of DAF-16 (Figure Sb) and activates the
expression of DAF-16’s downstream target genes, such as sod-
3, ctl-1, and hsp-16.2 (Figure 6¢). These genes are crucial for
the nematode’s response to oxidative stress, with increased
SOD-3 and HSP-16.2 expression effectively reducing ROS
accumulation.”* Phlorizin’s pronounced effect on SOD-3
suggests that it primarily modulates C. elegans lifespan through
the DAF-16 and SOD-3 axes.

Molecular coupling analyses were designed to probe the
interaction of phlorizin with senescence-associated proteins,
assessing the stability of the complexes by identifying binding
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energies and key interacting residues.’® This study showed that
in the optimal energy conformation, the arrangement of
residues in the protein binding site favors the formation of
hydrogen bonds with phlorizin. Calculation of the binding
energies suggests that phlorizin can form stable complexes with
key proteins such as DAF-16 and SOD-3, which may regulate
senescence by influencing their function. Based on this,
structural optimization of phlorizin can be performed to
improve their binding affinity to these proteins. Despite the
limitations of the current molecular docking and binding
energy calculation methods, we plan to further validate the
biological effects of phlorizin binding to DAF-16 and SOD-3
through in vivo animal model experiments and mutation
experiments of key amino acid residues to inform the
development of antiaging interventions. In conclusion, our
study comprehensively reveals the role of phlorizin in life cycle
regulation, highlighting its interactions with key molecular
pathways.

5. CONCLUSIONS

This study comprehensively examines phlorizin’s potential as
an antiaging therapeutic, enhancing antioxidant defenses,
modulating aging pathways, and improving stress resistance
in C. elegans. Through transgenic models and molecular
simulations, we uncover mechanisms influencing biomarkers
such as ROS and blue autofluorescence while boosting
antioxidant enzymes. The findings suggest that phlorizin
could extend healthspan and delay the onset of age-related
diseases, making it a promising candidate for clinical
interventions. Moreover, by elucidating the involvement of
key molecular pathways, such as IIS and SIR-2.1, with DAF-16
and SKN-1 as key targets, a foundation has been laid for the
development of functional food additives for a wider audience.
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